Targeting of gene transfer at the level of cell entry is one of the most attractive challenges in vector development. However, attempts to redirect adenovirus vectors to alternative receptors by engineering the capsid-coding region have shown limited success because proper targeting ligand-receptor systems on the cells of interest are generally unknown. Systematic approaches to generate adenovirus vectors targeting any given cell type need to be developed to achieve this goal. Here, we constructed an adenovirus library that was generated by a Cre-lox-mediated in vitro recombination between an adenoviral fiber-modified plasmid library and genomic DNA to display random peptides on a fiber knob. As proof of concept, we screened the adenovirus display library on a glioma cell line and observed selection of several particular peptide sequences. The targeted vector carrying the most frequently isolated peptide significantly enhanced gene transduction in the glioma cell line but not in many other cell lines. Because the insertion of a pre-selected peptide into a fiber knob often fails to generate an adenovirus vector, the selection of targeting peptides is highly useful in the context of the adenoviral capsid. This vector-screening system can facilitate the development of a targeted adenovirus vector for a variety of applications in medicine.
Introduction
Recombinant adenovirus vectors have been widely used for gene delivery to a range of cell types and employed in a number of gene therapy approaches. 1, 2 However, a selective delivery of a therapeutic gene to target cells by adenovirus vectors is precluded by the widespread distribution of the primary cellular receptors for adenoviruses. 3, 4 Therefore, strategies are being developed to redirect the tropism of the adenovirus vector to permit efficient target gene delivery to specific cell types. 2 Most of the presently used adenovirus vectors are based on the serotype 5 (Ad5). The entry of Ad5 into susceptible cells requires two distinct and sequential steps. The initial step is facilitated by an interaction of the fiber protein with its cellular receptor coxsackievirus and adenovirus receptor (CAR). 3, 4 Following attachment to CAR, internalization of the virus is promoted by the interaction of the penton base with av integrins on the cell surface. 5, 6 Recently, several promising approaches have been examined for cell-specific gene delivery by adenovirus vectors. One approach is to link a ligand for cell surface receptors with capsid proteins of adenovirus vectors via bispecific conjugates. [7] [8] [9] However, this approach may be hampered by the instability of the adaptor-vector complex in vivo. In another approach, chimeric adenoviruses are created usually based on Ad5 with the fiber or its knob domain replaced by that of another serotype. Ad5 with Ad3 or Ad7 fibers showed CAR-independent infectivity, while vectors constructed with the Ad17 fiber have improved transduction of airway epithelial tissue, Ad35 for hematopoietic cells and Ad16 for cardiovascular tissue. [10] [11] [12] However, the tropisms of chimeric viruses are restricted to those of the replaced serotypes. Thus, retargeting adenovirus vectors by incorporating ligands directly into their viral capsid may be preferable. Such targeting has been achieved by direct genetic modifications of the capsid proteins: targeting ligands can be incorporated into the C terminus and HI-loop of fiber proteins ablated for native tropism through loss of binding with CAR and av integrins, and these vectors provide an important platform for evaluating the targeting potential of selected peptide ligands. [13] [14] [15] [16] However, cell type-specific ligands for targeted adenovirus vectors are generally unknown, which impedes the wider application of fiber-modified adenovirus vectors for targeted therapies. Although a phage display library has been used to identify targeting peptide motifs, [17] [18] [19] the incorporation of the peptides selected by phage display into the adenoviral capsid has not been successful in developing the targeted vectors except for a few cases: [20] [21] [22] the possible reasons may include the conformation of the peptide is altered in the virus capsid, the specificity and affinity of ligand-receptor binding is decreased or lost, or the respective receptors do not internalize it in a manner supporting gene transduction. 23 Moreover, the insertion of a specific peptide into an adenovirus fiber knob often causes a significant suppression of the adenovirus production as shown in this study, indicating that selection of targeting peptides should be accomplished directly on the adenovirus library displaying random peptides within the context of a viral capsid protein.
We previously reported a simple and efficient method for constructing an adenovirus cDNA expression library by in vitro Cre-loxP recombination. 24, 25 Based on that technology, we have developed a novel system for producing adenoviral libraries displaying a variety of peptides on the HI-loop of the fiber knob ( Figure 1a) , and used the libraries to select an adenoviral vector with the high infectivity in target cells (Figure 1b ). Our system may allow the selection of targeted vectors to any cell type of interest, and may have broad implications for the development of targeted therapies.
Results

Development of basic constructs for making fibermodified adenovirus vector
To establish a basic construct for making fiber-modified adenovirus vectors, we first examined whether the vectors could be produced by an in vitro Cre-lox recombination system 24 between a fiber-modified shuttle plasmid and the left hand of adenovirus genome DNA. The pBHI(Csp) (Figure 2a ) was recombined with the adenoviral cosmid cAd-GFP (green fluorescent protein) by Cre and transfected into 293 cells. Adenoviral foci expressing GFP were detected 8 days after transfection (Figure 2b , upper left) and the infectivity of the 293 cells with the crude viral lysate (CVL) was more than 95% 2 days later (Figure 2b , upper right). We next confirmed whether the insertion of mutations into the AB-loop of a fiber knob could ablate the native tropism of an adenovirus. 26 In using pBHIDCAR(Csp), only a tiny adenovirus focus was detected 12 days after the transfection of recombined DNA into 293-38 cells ( Figure  2b , middle left) and a few GPF-positive cells were recognized 2 days after the infection of the 293-38.HissFv.rec cells with the CVL (Figure 2b , middle right). We then examined whether the artificial ligand (6-histidine incorporated in C terminus of the fiber knob) and receptor (293 cells expressing anti-His sFV) system could propagate a CAR binding-ablated adenovirus vector. 16 In using pBHIDCAR-fs(À), an adenovirus was successfully generated after the transfection of recombinant DNA into 293.HissFv.rec cells (Figure 2b, Figure 1 Construction and screening of a random peptide display adenovirus library. (a) Construction of an adenovirus library. The linearized shuttle plasmid library is mixed with left hand of digested adenoviral DNA-TPC by Cre recombinase to produce a full-length recombinant adenoviral DNA library in vitro. The first generation of an adenovirus display library was produced by transfection of the DNA library into adenovirus producer cells (293-38.HissFv.rec). This might lead to the uptake of more than one library DNA per cell and produce a chimeric fiber knob with packaged adenoviral genes. Therefore, the 293-38.HissFv.rec cells were next infected with the first generated libraries at a low MOI to ensure that the modified fiber-knob genome encodes for the displayed fiber-modification. (b) Screening of an adenovirus library. First, a given cell type of interest is infected with the adenovirus display library. Next, the expanded adenoviruses are recovered from the cells and subjected to two or three more rounds of selection. The DNA region containing the oligonucleotide insert of the selected adenoviruses is then analyzed. It takes less than 6 weeks to perform 3-4 rounds of selection and determine the targeted sequences. CAR, coxsackievirus and adenovirus receptor.
Random peptide display adenovirus library Y Miura et al
The library backbone plasmids (pBHIDCAR-fs(+) and pBHIDCAR-GFP-fs(+)) were designed so that an oligonucleotide insertion is required to shift the reading frame back to the original as in the wild-type fiber coding region (Figures 2a and c) . The plasmid libraries, pBHIDCAR-lib, pBHIDCAR-GFP-lib and pBHI-lib, were generated from pBHIDCAR-fs(+), pBHIDCAR-GFP-fs(+) and pBHI(Csp), respectively, to display a random seven amino-residues peptide on the HI-loop of the fiber knob domain. Both pBHIDCAR-lib and pBHIDCAR-GFP-lib contained 4 Â 10 6 clones, excluding insertless and other unsuitable clones such as those showing abnormal size. To test how the insertions of peptides into the HI-loop of the fiber knob affect the efficiency of adenovirus production, we randomly picked up a number of clones from the fiber-modified shuttle plasmid library both with CAR binding (pBHI-lib) and ablated for CAR binding (pBHIDCAR-lib). After the recombination with cAd-GFP, each clone was transfected into 293 or 293.HissFv.rec cells. The generation of adenoviral GFP-expressing foci was detected in only 6 of 60 and 4 of 42 clones in each library, showing that approximately only 10% of the clones in the shuttle plasmid libraries appeared to be converted successfully into adenovirus virions, whereas 90% of the peptide insertions into the HI-loop may disturb virus production. The fiber trimerization is essential for the assembly and maturation of adenovirus virion, 27 ,28 and although the virus particle formation could occur in the absence of fiber, the infectivity of such fiberless viruses is severely impaired. 29 The insertion of an exogenous peptide sequence into the fiber knob may result in a conformational change of the fiber and disturbance of the fiber trimerization.
Production of a random peptide display adenovirus library
The fiber-modified shuttle plasmid library pBHIDCAR-GFP-lib was recombined with the left hand of digested DNA-TPC, transfected into 293-38.HissFv.rec cells; and 12-14 days after the transfection, the first generation of the adenovirus display library was produced (Figure 1a ). Since direct transfer of the full-length adenoviral DNA into 293-38.HissFv.rec cells might lead to an uptake of more than one library DNA per cell, the packaged adenovirus genome may not encode the peptide displayed on the fiber knob, impeding the selection process and subsequent identification of the displayed peptide.
To avoid this problem, the first-generated library was used to infect the 293-38.HissFv.rec cells again at an MOI of 1, thus estimating an uptake and propagation of approximately 1 adenovirus genome per cell. The second generation of the library was efficiently produced 4 days after the infection. The DNA sequences of 100 randomly selected clones of PCR products from the library DNA verified that each clone contained a different peptide sequence and that the frequencies of amino acids in the adenovirus library were comparable to those in the plasmid library (Figure 2d) .
The virus production efficiency was highly improved by optimizing several factors such as utilization of the adenoviral terminal protein in this library construction method, 25 and in fact, GFP-expressing foci in a 60-mm dish were too numerous to count (more than 1000) following the transfection of recombined DNA. Therefore, to estimate how many different peptides were displayed on these adenoviruses, we set up dilution experiments with two shuttle plasmid libraries as described:
25 the pBHIDCAR-GFP-lib were mixed with pBHIDCAR-lib at various ratios (1:300, 1:3 Â 10 , recombined with left hand of digested DNA-TPC and transfected into 293-38.HissFv.rec cells. After 10-14 days, 5% of the CVL was used to infect the 293-38.HissFv.rec cells again to detect any GFP-expressing adenovirus, which is produced only from pBHIDCAR-GFP-lib. GFP-expressing adenoviruses were detected at up to 1 Â 10 4 dilution (Table 1) , and the GFP-expressing adenoviruses were confirmed to have GFP gene by DNA sequencing following large-scale preparation of viruses. Together with the fact that 100 randomly isolated clones from the unselected adenovirus display library showed different peptide sequences, the dilution experiment suggested that the library displays more than 1 Â 10 4 peptides on the fiber knob per 60-mm dish. The conversion rate of transfected plasmid library DNA into a virus in the process of library generation was considered to be around 10%, based on the results of shuttle plasmid clones described in the previous section.
Selection of library clones targeting cells poorly susceptive to adenovirus
To demonstrate that in vitro screening could select peptides displayed on the fiber knob that produces higher transduction efficiency to target cells, the Random peptide display adenovirus library Y Miura et al prepared as 1 Â 10 9 pfu/ml. The infection of U138MG cells at low MOI allowed a chance of adenovirus exposure at less than 1 virus genome per cell, preventing a mismatch between the peptide displayed on the adenovirus and the sequence coding in the adenovirus genome. In the initial phase of the screening, many lowaffinity or nonspecific viruses might bind and internalize into the U138MG cells; however, the use of a replicationcompetent type of adenovirus could allow for the rapid spreading of the most efficient viruses present in the library, leading to an effective enrichment of such viruses. Amplified and expanded adenoviruses on U138MG cells were recovered and subjected to three more rounds of selection. The DNA region containing the oligonucleotide insert of adenoviruses recovered from 2-4 rounds of selection was then amplified by PCR.
DNA sequencing of the PCR products revealed enrichment of several peptides, and the most abundant consensus sequence was AQGQWAL (71% in the 1st screening) after four rounds of selection. The screening was repeated to confirm the reproducibility of the results, and the 2nd screening also enriched the same AQGQWAL motif (43%) on U138MG cells from the same library ( Table 2 ). None of the selected sequences was found in the 100 randomly isolated clones from the unselected adenovirus library. The fact that the identical sequence was repeatedly enriched in the two-independent screenings potentially indicates the feasibility and reliability of a screening procedure to select targeted vectors to a given cell type of interest. Some sequences are composed of only six amino acids. In fact, the sequence analysis of shuttle plasmid clones showed that several clones contained nucleotide inserts longer or shorter than 21 bp in the HI-loop portion; the sequence variations might occur in the process of PCR amplification with degenerate oligonucleotides and ligation into the shuttle plasmids. To prove that the selected peptides are a result of binding-mediated selection and not due to a low complexity bias in the library, AsPC-1 cells were also screened using the same library. We were able to isolate several enriched sequences for the AsPC-1 cells after 3-4 rounds of selection, and all peptide sequences selected from the library during AsPC-1 screening were different from those selected from U138MG cells (data not shown).
Characterization of adenovirus displaying a selected peptide
To test the targeting effect of the selected peptide, U138MG cells were infected with a luciferase expressing targeted vector ablated for CAR binding (AdDCARLuciGFP-AQG). Although several peptide sequences were repeatedly selected in two-independent screenings, the only peptide whose frequency increased along with the succeeding rounds of selections in both screenings was AQGQWAL. Therefore, we focused on the AQGQ-WAL sequence in this study. The assay of luciferase activity showed that gene transduction efficiency of a targeted vector was 4-to 5-fold higher (Po0.01) than that of an untargeted adenovirus (AdDCAR-LuciGFP) in a U138MG cell line but not in other cell lines (AsPC-1, A549 and hepatocytes) (Figure 4a) .
Then, to examine whether the insertion of a targeting peptide sequence into the HI-loop of a wild-type fiber knob could maintain cell-type specificity and affect the adenoviral native tropism, a targeted vector that also retains the CAR binding capacity (Ad-LuciGFP-AQG) was used to infect various cells. Transduction efficiency was significantly enhanced in PC3 as well as in U138MG cells (Po0.01), whereas transduction of other cell lines resulted in a 78.1-99.9% decrease compared to the vector carrying a wild-type fiber knob (Ad-LuciGFP; Figure 4b ), suggesting that the insertion of a targeting peptide into the HI-loop might inhibit native tropism, contributing to the targeting nature of the virus. However, it seems that the insertion of a targeting peptide into the HI-loop does not always decrease the infectivity of a targeted vector on other cells, because the several peptides selected from AsPC-1 did not show this inhibitory effect on infection of other cells (data not shown). GFP expression 48 h after infection with the targeted vectors corresponded with the results of luciferase activity in U138MG and AsPC-1 cells (Figure 4c ).
To validate that the targeting is mediated by the selected peptide, the transduction efficiency of AdLuciGFP-AQG in U138MG cells and PC3 cells was determined in the presence or absence of the cognate peptide. A substantial competitive inhibition by the cognate peptide, but not by a control unrelated peptide, was observed at various MOI in a dose-dependent manner (Figure 4d ), whereas these peptides did not interfere the infection of control vector Ad-LuciGFP (data not shown), confirming that the enhanced transduction of the targeted vector in the cells is mediated by the insertion of the selected peptide.
Since U138MG could not form any subcutaneous nor brain tumor in immune incompetent mice, the in vivo infectivity of the targeted virus was examined by intratumoral injection of the target vector (Ad-LuciGFP-AQG) into PC3 subcutaneous tumors. The luciferase assay showed that the targeted vector had a significantly higher infectivity in the PC3 tumor compared with the control virus (Ad-LuciGFP) (Po0.05; Figure 4e ).
To examine whether the high infectivity of the targeted vector enhances the oncolytic activity of an adenovirus vector ablated for CAR binding, U138MG and PC3 cells were infected with a replication-competent adenovirus displaying the selected peptide (AdDCAR-WT-AQG) at various MOI. The growth of cells infected with AdDCAR-WT-AQG was significantly (Po0.01) inhibited compared with those of the control replication-competent adenovirus (Figure 4f) , demonstrating that the targeted 
Discussion
The redirection of virus tropism is one of the most rational approaches to targeted vector development. We show here that the screening of a random peptide display adenovirus library on a cell type of interest allows the selection of targeted vectors. Although random peptide display libraries have been developed in retrovirus [31] [32] [33] and adeno-associated virus vectors, 23 this is the first report to generate targeted adenovirus vectors by a library-based approach. The construction of an adenovirus display library was based on our original method for adenovirus cDNA expression libraries, in which we optimized several factors such as isolation of high-efficiency virus-producing 293 clones and utilization of the adenoviral terminal protein to develop high-complexity libraries. 24, 25 Although it is impossible to determine directly the complexity of a final adenovirus display library product, a plasmid-based library containing a GFP clone at an abundance of 0.01% was readily converted to the adenovirus library in a convenient 60-mm dish scale ( Table 1 ), suggesting that the complexity of the virus library could be more than 1 Â 10 4 by the present method. In the previously reported adenovirus cDNA libraries, we estimated that a 3 Â 10 4 -3 Â 10 5 complexity of adenoviruses could be produced in the same 60-mm dish. 25 The difference of complexity between the two virus libraries is possibly due to the significant disturbance of adenovirus generation by the insertion of a peptide into the HI-loop and to the lower infection efficiency of an artificial 6-histidine and anti-6His sFv system compared with the native CAR-fiber knob binding.
We were able to select a peptide that provided a gene transduction five-fold higher than an insertless vector from the 2 Â 10 5 complexity level of the library. Although the selected peptide may be the most efficient sequence among this complexity level, the theoretical peptide complexity of seven amino acids is over 10 9 . Therefore, the library used in this screening represents only a very small fraction of the possible vector clones, even after considering the fact that the majority of the peptides may not be compatible with the adenovirus fiber knob Reverse transcriptase-PCR analyses of CAR and integrins. Total RNA was extracted from cell lines, and after reverse transcription the mRNA of CAR, integrin av, integrin b3 and integrin b5 was detected by PCR as described. 30 (b) Luciferase activities following infection of adenovirus vector in vitro. The cells were infected with luciferase-expressing adenovirus vectors, and 24 h later the luciferase activities were measured.
Random peptide display adenovirus library Y Miura et al integrity. Therefore, more efficient peptide motifs could be isolated by a scaling up of the library size. Since the complexity of an adenovirus library depends on the number of helper cell transfected with recombined DNA, the simple scaling up of the number and the size of plates could increase the complexity of the library. Furthermore, we incorporated seven amino acids into the HIloop of the fiber to construct the adenovirus library, since phage peptide libraries displaying seven amino acids have been effective for isolating tissue-specific sequences. 17, 18 However, it is possible that more efficient motifs can be identified from libraries with different lengths of peptide inserts. It should be also noted that the insertion of peptides longer than seven amino acids into a HI-loop may cause excessive conformational change of a fiber knob and strongly disturb the virus assembly and maturation, leading to an overall decrease of library complexity, and the binding affinity may be determined by the overall conformation of a modified fiber and not by inserted peptides alone.
Since any cell should express a large number of different receptors on its surface, a wide variety of sequences might have been isolated in screening. However, our screening identified a limited number of specific sequences, which were already apparent in the second round of screening (Table 2) . Possible reasons for this efficient enrichment include the following: many seven amino acids in the conformation of fiber may not be able to bind effectively enough with the receptors to mediate the infection; many receptors may not be internalized into the cell in a manner supporting gene transduction following virus binding; and the use of replication-competent viruses in the system may result in the rapid enrichment of the most efficient viruses among the many clones of viruses that can bind receptors.
The selected sequences did not contain any RGD sequences. Theoretically, the 2 Â 10 5 complexity of seven amino acids should contain more than 20 RGD triples in the inserted peptides. However, the RGD sequences successfully inserted into the HI-loop of a fiber knob to bind with integrins in the previous studies were the RGD-4C peptides such as CDCRGDCFC. 14, 34 We think that the seven amino acid peptide library in our vector system does not contain this type of RGD-4C sequences, and other RGD sequences present in the HI-loop of the adenovirus library could not effectively enough bind with the integrins to mediate the infection in the context of fiber conformation.
Although there was a possibility to isolate peptide sequences that can generally enhance gene transduction in many cells, a selected peptide showed cell typedirected infection (Figures 4a and b) , suggesting that the corresponding target receptor is a specific cell surface molecule or its expression is significantly higher on the Random peptide display adenovirus library Y Miura et al target cells. Unexpectedly, the targeted peptide display vector selected on the U138MG glioma cells showed a similarly high-efficiency gene transduction on the PC3 prostate cancer cells. The receptor may be shared by the U138MG and PC3 cells, or the selected peptide motif binds to different receptors, which are specifically expressed in each U138MG and PC3 cell line. The identification of the receptors may be useful to understand the molecular characteristics of the target cells and can be applied for diagnosis, such as the detection of a relapse, and therapy of the disease. On the other hand, the target receptors do not seem to be commonly expressed in all gliomas and prostate cancers, since the enhancement of gene transduction by a selected adenovirus was not observed in the T98G glioma cells and DU145 prostate cancer cells (Figure 4b ). Database searches (BLAST) revealed sequence homology of the selected peptide with known human proteins such as ELTD1 (AQGQWSL) 35 and major histocompatibility complex class I-related protein A/B (MICA/B) (PQGQWAE). 36 However, whether the receptors for ELTD1 and MICA/B are responsible for the AQGQWALmediated infection is unknown. Additional work is necessary to identify the corresponding receptors.
The findings presented here open new perspectives in the field of gene therapy. Recently, promising preclinical and clinical data on the treatment of cancer have been reported using a conditionally replication-competent adenovirus (CRAd). 37, 38 Although the infection and spreading of such replication-competent adenovirus are Random peptide display adenovirus library Y Miura et al restricted to tumor tissue in theory, several levels of safety devices are definitely required in the clinical setting. Therefore, the combination of CRAds with target specificity is a highly encouraging strategy for gene therapy.
Although the virus with the selected peptide showed the high infectivity in PC3 subcutaneous tumors, the expression levels and kinds of cell surface receptors may be substantially different between in vitro culture and in vivo tumor tissue. Screening of our peptide display adenovirus library should be performed in vivo, which may allow development of vectors to specifically transduce certain tumors and tissues even through systemic administration. Another line of future development will be a screening on the biopsy and surgical materials of the tumor, thereby leading to a generation of individualized-targeted viruses. Similarly, the library selection on immobilized proteins might be useful to isolate a vector targeted to any kind of molecule, although these cases may require an addition of an efficient screening step, which does not depend on viral replication to select a targeted virus. This technology of a specific adenovirus vector selection on any cell type or tissue of interest may have broad implications for the development of targeted gene therapy.
Materials and methods
Cell lines
Used in this study were a human embryonic kidney cell line (293), glioma cell lines (U138MG and T98G), a pancreatic cancer cell line (AsPC-1), a non-small cell lung cancer cell line (A549), prostate cancer cell lines (PC3 and DU145), a colon cancer cell line (HCT15) and primary cultures of human normal cell lines (hepatocytes and human umbilical vascular endothelial cells: HUVEC). All the cancer cell lines were obtained from American Tissue Culture Collection (ATCC; Rockville, MD, USA). 293 cells were cultured in Dulbecco's modified Eagle's medium (Sigma, St Louis, MO, USA) with 10% fetal bovine serum (FBS), U138MG cells were in Eagle's minimum essential medium (Sigma) with 10% FBS, and A549 cells were in an RPMI-1640 medium (Nissui Pharmaceutical, Tokyo, Japan) with 10% FBS. Hepatocytes were purchased from Dainippon Pharmaceutical Co. (Osaka, Japan). 293.HissFv.rec cells express an artificial receptor against six histidine (His) residues, containing an anti-His single chain antibody (sFv). 16 The 293-38 is a high-efficiency virus-producing clone of 293 cells, 25 and the 293-38 cells expressing an anti-His sFv stably (293-38.HissFv.rec) were generated by retrovirusmediated transduction.
Shuttle plasmids and recombinant adenovirus DNA
The fiber-modified adenoviral shuttle plasmids include a 76.1-100 map unit (m.u.) of the adenoviral genome with a single loxP site at the E3 region deleted (79.4-84.8 m.u.). 24 The pBHI(Csp) plasmid has a Csp45I site in the HI-loop of the fiber knob 34 and pBHIDCAR(Csp) includes 4-point mutations in the AB-loop of the fiber knob that abolishes CAR binding (Figure 2a) . 26 The pBHIDCAR-fs(À) and -fs(+) plasmids have the 4-point mutations as well, and six histidine residues were incorporated into the carboxy terminus of the fiber knob, so that the vector can be propagated in the 293 cells expressing an anti-His sFv as described. 16 The pBHID CAR-fs(À) and -fs(+) contain two incompatible Csp45I and SpeI restriction sites in the HI-loop to display random peptides, but in the pBHIDCAR-fs(+) one nucleotide was inserted between Csp45I and SpeI sites to shift the reading frame of the fiber knob (Figure 2c) . The pBHIDCAR-GFP-fs(+) was constructed by inserting a cytomegalovirus immediate early enhancer/promoter (CMV promoter), the green fluorescent protein (GFP) gene and a SV40 poly(A) signal into the downstream of a loxP site of pBHIDCAR-fs(+). The pBHI-AQG and pBHIDCAR-AQG plasmids have a GCTCAGGGTCAG TGGGCTCTG (AQGQWAL) sequence in the HI-loop of pBHI(Csp) and pBHIDCAR-fs(À) plasmids, respectively. The adenoviral cosmid cAd-WT includes the 0-79.4 m.u. of the adenovirus genome containing a wild-type E1 region and a single loxP site at 79.4 m.u. In the cAd-GFP and cAd-LuciGFP, the E1 gene is replaced with the CMV promoter-driven GFP or luciferase-GFP fusion gene (LuciGFP). The cAd-WT was recombined with pBHID CAR(Csp) to generate adenovirus vectors AdDCAR-WT for preparation of adenoviral DNA tagged with a terminal protein, and was recombined with pBHID CAR-AQG to generate replication-competent adenovirus vectors displaying the AQGQWAL peptide (AdDCAR-WT-AQG). The cAd-LuciGFP was recombined with pBHI(Csp), pBHIDCAR-fs(À), pBHI-AQG and pBHID CAR-AQG plasmids to generate adenovirus vectors AdLuciGFP, AdDCAR-LuciGFP, Ad-LuciGFP-AQG and AdDCAR-LuciGFP-AQG, respectively.
Construction of a fiber-modified shuttle plasmid library
Adenovirus libraries were based on the library backbone plasmids (pBHIDCAR-fs(+) and pBHIDCAR-GFP-fs(+)) to display a random seven amino acid residues peptide on the HI-loop of the fiber knob domain. To generate fiber-modified shuttle plasmid libraries, the degenerate oligonucleotide 5 0 -AACGGTACACAGGAAACAGGAG ACACAACTTTCGAA(NNK) 7 ACTAGTCCAAGTGCAT ACTCTATGTCATTTTCATGG-3 0 (N ¼ A, T, G or C, K ¼ G or T) served as a template for PCR with the primers 5 0 -GAAACAGGAGACACAACTTTCGAA-3 0 and 5 0 -ACTA GTCCAAGTGCATACTCTATG-3 0 . The PCR product was digested with Csp45I and SpeI (restriction sites underlined) and ligated into the same sites of pBHIDCAR-fs(+) and pBHIDCAR-GFP-fs(+) and transfected into Max Efficiency electrocompetent cells (Invitrogen, Carlsbad, CA, USA) by electroporation. The plasmid libraries constructed from pBHIDCAR-fs(+) and pBHIDCAR-GFPfs(+) were designated as pBHIDCAR-lib and pBHIDCAR-GFP-lib, respectively. The pBHI(Csp) was also employed to generate the shuttle plasmid library pBHI-lib: the degenerate oligonucleotide 5 0 -AACGGTACACAGGAAA CAGGAGACACAACTTTCGAA(NNK) 7 TTCGAACCA AGTGCATACTCTATGTCATTTTCATGG-3 0 served as a template for PCR, and the PCR product was digested with Csp45I (underlined) and ligated into the same site of pBHI(Csp). Both pBHIDCAR-lib and pBHIDCAR-GFPlib contained 4 Â 10 6 clones, excluding insertless and unsuitable clones. The complexity of plasmid libraries was estimated by the number of clones growing from a representative aliquot of the transformed bacteria on agar plates containing ampicillin. DNA sequencing of
Random peptide display adenovirus library Y Miura et al 100 clones verified that different random sequences are encoded in each clone (data not shown).
Construction of a random peptide display adenovirus library
First, the adenoviral DNA tagged with terminal protein (DNA-TPC) from AdDCAR-WT was prepared through a buoyant CsCl density gradient with 4 M guanidine hydrochloride. 39 DNA-TPC was then digested with ClaI and Csp45I to remove the right hand of the adenoviral DNA containing the 3 0 ITR and fiber-coding region, and was filtered through a centrifugal filter device (Centricon YM-100; Amicon, Beverly, MA, USA). Namely, the left hand of the digested DNA-TPC included 0-79.4 m.u. of the adenoviral genome and a single loxP site at 79.4 m.u. Fiber-modified shuttle plasmid libraries were linearized at the right end by PacI and recombined with equal moles of the left hand of the digested DNA-TPC by Cre recombinase (Clontech, Madison, WI, USA) in vitro to produce a full-length adenovirus genomic DNA library. For example, 5 mg of shuttle plasmid and 15 mg of DNA-TPC were mixed with 500 ng of Cre recombinase (25 ng per 1 mg of DNA) in 600 ml of reaction mixture at 371C for 3 h. Removal of the unrecombined DNA is not necessary, because only the recombined adenoviral DNA among the four molecules in the reaction mixture can give rise to an adenovirus. Then, to generate adenovirus display libraries, 7.5 mg of recombined adenoviral DNA was transfected by the lipofection method (Lipofectamine Reagent; Invitrogen) into 2 Â 10 6 293-38.HissFv.rec cells in a 60-mm dish. After 12-14 days, when the cells showed an expansion of cytopathic effect, the first generation of the adenovirus display library was harvested. The CVLs were titrated as GFP expression forming units on 293-38.HissFv.rec cells, and then 293-38.HissFv.rec cells were infected with the CVL again at an MOI of 1. The second generation of the library was harvested 3-4 days after the infection (Figure 1a ).
Biopanning of a random peptide display adenovirus library
The 2 Â 10 6 of U138MG cells were seeded in 60-mm dishes. One day later the cells were infected with an adenovirus display library at an MOI of 1, and 2 h later the cells were washed with phosphate-buffered saline. After 5-7 days following the infection, the replicated adenoviruses were harvested from the cells, and CVLs were titrated by GFP expression on 293-38.HissFv.rec cells. For each subsequent selection round on U138MG cells, the CVL from a preselected adenovirus library was reapplied to the target cells at an MOI of less than 1 and the process was repeated 3-4 times (Figure 1b) .
PCR and sequencing of adenovirus display library clones
DNA was extracted from the CVL of each selection round and then served as a template for a PCR with the primers containing upstream and downstream sequences of the HI-loop: 5 0 -GAAACAGGAGACACAA CTTTCGAA-3 0 and 5 0 -ACTAGTCCAAGTGCATACTCT ATG-3 0 . PCR products were cloned into the Csp45I and SpeI sites of the pBHIDCAR-fs(+) plasmid. Randomly assigned clones were sequenced using the primer 5 0 -GGAGATCTTACTGAAGGCACAGCC-3 0 .
Assay for luciferase activity in vitro
The cells were seeded at 1 Â 10 4 per well in 96-well plates (Optilux multiplate; BD Biosciences, Franklin Lakes, NJ, USA) and infected with adenoviruses at various MOI. Twenty-four hours after the infection, the cells were lysed with 100 ml of luciferase assay buffer (Bright-Glo luciferase assay system; Promega, Madison, WI, USA) and then 100 ml of assay substrate (Promega) was added. The light units of luciferase activity were measured using a luminometer (EnVision multilabel plate reader; ParkinElmer, Shelton, CT, USA). The assays (carried out in eight wells) were repeated for a minimum of two times and the mean7s.d. was plotted. Comparative analysis of luciferase activity was performed by the Student's t-test, and differences were considered statistically significant when Po0.05.
To validate that the targeting is mediated by the selected peptide, transduction efficiency of Ad-LuciGFP-AQG was determined in the presence of the cognate peptide at a high concentration, because it is usually difficult to inhibit an adenovirus infection by peptide competitive inhibitors. 40 The control peptide is SYENF-SA, which is an unrelated sequence to the peptides isolated from the U138MG screening.
Assay for luciferase activity in vivo
Five-week-old female BALB/c nude mice were obtained from Charles River Japan (Kanagawa, Japan). To examine the in vivo infectivity of the targeted virus, PC3 (50 ml of 1 Â 10 7 cells) and AsPC-1 cell suspensions (50 ml of 5 Â 10 6 cells) were injected subcutaneously into the legs. When the tumor mass was established (B0.8 cm in diameter), 50 ml of a viral solution (1 Â 10 10 pfu/ml) of Ad-LuciGFP-AQG and Ad-LuciGFP was injected into the tumor with a 29-gauge hypodermic needle. The luciferase assay was performed as described previously. 41 In vitro cell growth assay The U138MG and PC3 were seeded at 2 Â 10 3 per well in 96-well plates and infected with AdDCAR-WT-AQG or control replication-competent adenovirus ablated for CAR binding at MOI 1, 5, 10, 20 and 30. The cell numbers were assessed by a colorimetric cell viability assay using a water-soluble tetrazolium salt (Tetracolor One; Seikagaku Corp, Tokyo, Japan) 7 days after the infection. The absorbance was determined by spectrophotometry using a wavelength of 450 nm with 595 nm as a reference. The data were expressed as the relative cell growth (OD 450 of virus-infected cells/that of parental cells) and the mean7s.d. was plotted.
